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Abstract 
A m.ethod for the production of crystalline amm.onium-uranyl car -
bonate is described. On account of its simple synthesis and its chemical 
composition, this substance is a suitable internaediate product in the mak-
ing of uranium-dioxide powder for reactor fuel. 
Experimental data for the precipitation of ammoniuro.--uranyl car -
bonate are presented. The density and dinaensions of the uranium-dioxide 
pellets made from the precipitate a re indicated and the results evaluated. 
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1. Introduction ' 
The purpose of the present work was to develop a new method of 
producing uranium-dioxide material for fuel elements. The suitability of 
such a axiaterial depends on its fulfilling certain requirements such as r e -
producibility, uncomplicated procedure of production and good sintering 
properties. The materials used hitherto do not com-ply with all these r e -
quire'ments. 
The method investigated consists in precipitating ammonium-uranyl 
carbonate (AUG). This compound is easily calcined into UOo or UoOn , 
which may be reduced to UO„. It is known ' that crystalline anamonium-
uranyl carbonate may be produced by precipitation of strong uranyi nitrate 
with saturated amimonium. carbonate. As the homogeneity of the crystalline 
precipitate must be expected to be maintained through the following stages 
of production (calcination and reduction), a reproducible uranium-dioxide 
powder should be obtainable by this m.ethod. The special application of 
AUG for UOn production has not been reported upon elsewhere. 
2. Batchwise Precipitation from an Aqueous Solution 
The precipitation of AUG is effected by adding a solution of ammoni-
nxQ. carbonate (salt of hartshorn) to a uranium solution while stirring vigor-
ously. The uranium solution is uranyl-nitrate hexahydrate (UNH) in a 2 M 
aqueous solution, and the ammonium carbonate is a saturated solution 
(about 9 M as regards NH. ) of commercial salt of hartshorn, which is 
generally assumed to be of the composition NH.COONHg, NH.HCOg. The 
chemical process is 
U02(NOg)2, 6H2O + 2NH4COONH2. NH^HCOg -* {lf^B.^)^\30^{C0^)^ + 
2NH4NOg + COg + SHgO . 
It is a condition for the precipitation of AUG (which is soluble in 
water) that the anamonium-carbonate solution is saturated and is applied 
lavishly. On naixing of the two solutions, a large quantity of COg is r e -
leased^ and an orange-coloured intermediate product appears before the 
fine, light yellow AUG crystals (see fig. 1) are foraiaed (about a nainute 
after the mixing). The influence on the end product of temperature, order 
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of admixture and different ra t ios between NH„ and CO„ in the ammonium-
carbonate solution was investigated, and the t empe ra tu r e appeared to have 
an effect on the p roper t i e s of the product (see table 1). However, the s t rong 
react ion heat makes t empera tu re control difficult. The l a rge amount of 
CO2 developed in connection with the precipi tat ion t empora r i ly i n c r e a s e s 
the volume of the mix ture th ree to four t imes and reduces the value of the 
s t i r r i ng . The precipi tat ion p rocedure is therefore unsuitable for use on an 
indust r ia l sca le . Moreover , the cost of sa l t of ha r t shorn in the solid s ta te 
is five t imes as l a rge as that of ,NHo and COp gas . 
A sample of uranium-dioxide pel le ts made 
frona the precipi tated AUG appeared to have 
a s in tered density of about 94%, which is 
c lose to that aimed at. 
On the bas i s of the above exper iences it was at tempted to prec ip i ta te 
AUG by adding gaseous NHo and CO„ to the UNH solution. 
3. Batchwise Gas Prec ip i ta t ion 
The experinaental se t -up is shown in fig. 2. 250 ml of UNH solution 
(400 g/1) was poured into the ves se l . The la t t e r was provided with a s t i r r e r , 
a cooling coil and a contact t he rmomete r as the react ion heat had to be con-
ducted away in o rde r that the tem.perature might be kept constant. This was 
effected by m.eans of a ref r igera t ing macliine of 185 kca l /h . The gas supply, 
taking place through flow m e t e r s , continued tmtil all uranium had been 
t r ans fo rmed into AUG; the experiment was then stopped. 
The precipi ta t ion was controlled by analysis of the f i l t rate for U, 
GOo"" and NH^ and by microscopy and sedimentat ion analysis of the dr ied 
AUG (for methods of analysis s ee the appendix). 
The NHg and COp gas i s consumed in 
(1) the precipi ta ted AUG powder; 
(2) the NHo-COo-satura ted mother liquor; 
(3) the excess gas escaping from the react ion mix tu re (see table 2). 
T h e r e i s thus seen to be a g rea t waste of NHo and GOp. The amount 
of excess gas i s kept as smal l as i s compatible with the requ i rement that 
the solution mus t be sa tura ted with NHo and GOg. A higher degree of 
sa tura t ion turns out to be attained under the conditions descr ibed than on 
dissolution of sa l t of ha r t shorn in water , which means that this type of 
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precipitation gives a larger yield of AUG. 
It is reasonable to expect that the excess gas 
and the NHo and COr, in the filtrate may be 
used again. However, experim.ents have shown 
such re-use to be unprofitable in that it imLpairs 
the quality of the AUG fornaed (contains ammoni-
um di-uranate). 
Gas precipitation makes the process easier to handle because NHo 
and GO„ are added over a longer period; as, however, the intermediate 
product here exists for a longer time before the AUG crystals are formed, 
new problems present themselves. The subsequent shape and colour of the 
AUG product proves to depend on the chemical composition and period of 
existence of the intermediate product. From table 3 it appears that gas 
precipitation and batchwise precipitation from an aqueous solution lead to 
the same end product. 
However, gas precipitation has the drawback that the dissolution 
and reaction heat from. NHo and CO^ ar ises in the reaction vessel itself; 
this makes it difficult to control the tempera+ure, and the vessel therefore 
had to be provided with a cooling coil as described above. 
The work was concerned with elucidating the influence of the parana-
eters 
NHn quantity 
GOg quantity 
NHg/COg ratio 
order of admixture (i. e. possible effect of the introduction of one 
gas before the other) 
gas velocities 
stirring 
temperature 
size of batches 
shape of reaction vessel 
on the dependent parameters 
NH„ content in the filtrate 
GOg content in the filtrate 
yield 
- 6 -
size and shape of AUG crystals 
transformation time (i. e. the time from, the admixture of gas is 
comnaenced until all uranium, including the 
intex-mediate product, has been transformed 
into AUG). 
Some typical results are shown in tables 4-8 and figs, 3-8. 
Experience and the above-mentioned results lead to the following 
conclusions: 
A. The yield of AUG crystals increases with the gas quantities, 
but is independent of the ratio 'NHo/COp and other parameters . 
B. The size of the AUG crystals increases with the temperature. 
G, The size of the AUG crystals decreases with decreasing stirring 
efficiency. 
D, The shape of the AUG crystals is influenced by the temperature, 
the duration of the precipitation and the size of the batches. 
E. The transformation time increases.with increasing GO,, admix-
ture before the NHo admixture is started, and with the size of 
the batches. 
F, The transformation time is at its naininxum for an NH„ admix-
ture between 90 and 130 1 per 50 g U and is independent of a 
GOp admixture between 80 and 140 1 per 50 g U. 
G. The transformation time decreases with increasing temperature 
and stirring efficiency, 
H. The transformation time is influenced by the shape of the reac-
tion vessel. 
1. The NHg and COg concentrations in the filtrate grow with in-
creasing NHr, admixture and size of batches. The concentra-
tions grow with temperature up to a constant level and decrease-
with increasing stirring efficiency. 
Further it was observed that the transformation takes place in the 
pH region 8-9 (see fig. 10), and that the precipitation is reproducible. 
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In connection with this ser ies of experiments, 
precipitation was carried out with NH^ and COp 
in the form of liquid ammonia and carbon-
dioxide snow, either alone or in combination 
with gas precipitation. In most cases the end 
product was AUG; only in a few instances was 
the intermediate product not transfornaed. 
The intermediate product and its influence on the AUG powder still 
remained to be investigated. Chernyaev et al. have described ^ the produc-
tion of AUG by precipitation of concentrated uranyl-nitrate-hexahydrate 
with a surplus of saturated ammonium carbonate. A 0. 01 M aqueous solu-
tion of this AUG was titrated with an aqueous uranyl-nitrate solution (0. 072 
M as regards U), and a number of AUG complexes resulted. These were 
isolated and analysed for cheraical composition and by thermogravinaetry. 
They were all soluble in water and showed poor stability against hydrolysis 
in aqueous solution. In the order in which they were made by the Russians, 
the complexes are 
(NH4)4/U02(C03)3/ 
(NH4)g/(U02)2(C03)5(H20)2/H20 
(NH4)2/U02(G03)2CH20)2/ 
(NH4)3/(U02)2(G03)3(OH)(H20)g/ 
(NH4)/U02(G03)(OH)(H20)3/ 
UOgCOg, HgO 
A comparison of the above procedure with the batchwise gas precipi-
tation makes it probable that the reactions during the first part of the gas 
precipitation are identical with those in the Russian experim.ent, but oc-
curring in the reverse order so that the intermediate product corresponds 
to one or more of the above-mentioned alkaline carbonate complexes. At 
the beginning of the gas precipitation, when the admixture of ammonia leads 
to temporary formation of ajximonium di-uranate (ADU), the intermediate 
product will probably be a mixture of ADU and UOpCOo, HpO. 
To test this theory, chemical analyses for U, NH. , CO3 ", and NOo" 
were performed on the intermediate products of several precipitations and 
at several different times during the existence of these products. It ap-
peared that they contained NO3" only at the very beginning of the precipitation. 
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and that GO„~~ was present right from the start . Several sets of analyses 
displayed conformity with the composition of the AUG complexes. 
In the course of this precipitation the pH value changes in the alkaline 
direction (see fig. 10); the transformation takes place between the pH values 
8 and 9, which is the region of existence of AUG. The last stage of the 
transformation is easily observed as AUG is crystalline while the above-
mentioned complexes are amorphous. 
From these experiences, a constant pH value of 8-9 during the pre-
cipitation would be expected to lead to an improvement (no intermediate 
product). Continuous precipitation, an advantageous raethod also in other 
directions, was thus indicated. 
4, Continuous Gas Precipitation 
For this process the set-up was extended as shown in fig. 9. In 
addition to gas inlet tubes, s t i r rer , cooling coil, and contact thermometer, 
the reaction vessel was furnished with an outlet tube at the bottom and a 
phial so that the bottom valve was adjustable by means of a conductivity 
gauge. Moreover, an inlet tube for UNH and an outlet tube for excess gas 
were provided. The UNH dosing was effected by means of a peristaltic 
pump. 
The experiments were carried out on the basis of previous experi-
ences concerning temperature, ammcnia/uranium and carbon-dioxide/ 
uranium ratios and reproducibility. The effects of different concentrations 
of UNH, the supply rate of the same and different quantities of NHo and COg 
on the yield, the crystal size of the AUG, etc, , were investigated. 
In the first experiments, efficient stirring proved impossible be -
cause of the small size of the reaction vessel. A larger vessel (effective 
precipitation volume 5-6 1) was therefore substituted, and consequently a 
greater type of refrigerating machine (2700 kcal/h) had to be used. The 
AUG was filtered by means of an MSE basket centrifuge, model 3000 cc. 
Samples were taken through a side tube mounted on the connection between 
the vessel and the centrifuge. The yield turned out to be of the same size 
as in batchwise gas precipitation, and it kept constant during the precipita-
tion. There were only insignificant variations in the grain size of the AUG 
powder. The NHo and COp contents in the filtrate varied a good deal, which 
is hardly of any importance considering the constant size of the AUG yield. 
The effective utilization of the gas, i. e, the content in powder and filtrate. 
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was approx. 70% for the am.:monia and approx, 25% for the carbon dioxide 
(see table 9). 
The experiments showed that the precipitation proceeded smoothly 
in this vessel when a UNH concentration of 400-500 g/l was used, dose 
rates of 9-10 l/h UNH solution, 40-50 1/min NHg and 65-75 1/min GOg ap-
plied and vigorous stirring performed. To a certain extent it was possible 
to organize the process so as to yield AUG crystals of a desired size; a 
high UNH concentration tended to lead to small crystals and vice versa. 
The processing into UOo pellets proved to be independent of the grain size 
of the AUG and was therefore not fiirther investigated. 
5. Production of Uranium-Dioxide Pellets 
The foregoing investigation \¥as followed up by trial preparation of 
uranium-dioxide powder and pellets with a view to testing the suitability of 
the AUG powder for pellet production. 
The traditional procedure was used: calcination-* reduction-* ad-
mixture of binder-H^ pressing-» vacuum drying and sintering. 
Two different calcination processes were investigated, one at 300 C 
for two hours, leading to the end product UOo, xHgO, and one at 800°C for 
one hour, leading to the end product UoOg. 
All powder was reduced by heating to 700 C for one hour in the 
presence of Hp. 
In all cases the binder consisted of 1% zinc stearate. 
A Mannessmann press was used for the pellet production. As the 
pressure was expected to influence the sintered density, several different 
2 pressures from 2 to 5.5 t /cm were tried. 
During the vacuum drying the temperature was raised gradually 
over five hours to 500 C and v/as then kept constant for four hours. 
Continuous sintering was effected by transport through a heat zone 
of 1700 C in a hydrogen atmosphere. 
6, Examination of the Uranium-Dioxide Pellets 
The effect of different AUG grain sizes on the sintered density was 
studied. The precipitated powders had average sizes up to 45 p.; for the 
pellet production we chose within the range 0-45|i powders with average 
sizes of 9, 21 and 29 |i, e tc . , characterized as extra fine, fine and coarse 
powder. 
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The effects on the sintered pellets of the mode of calcination and the 
pressixre were studied, and so was the reproducibility. Typical results are 
presented in figs. 11-12 and tables 10-11. Measurements of the pellet di-
mensions are included. 
It was found that the grain size did not affect the sintered density of 
powder calcined to UO„, xHpO (at 300 C), while the density of powder cal-
cined to UoOp (at 800^C) increased with the grain size (fig. 11). 
The pressure is of great importance. At high pressures (5, 5 t / cm ) 
the pellets go to pieces or are heavily deformed during the sintering; low 
2 pressures (2 t /cm ) result in too small a density. The optimum is about 
3 2 
2 -T t /cm . The results are reproducible within 0.4% (see table 10 and 
fig. 12). 
As regards the dinaensional stability, the variation in height seems 
to originate exclusively in the pressing, while the variation in diameter 
stems entirely from, the sintering (see table 10). The shape of the pellets 
ranges - in an apparently unsystematic way - from barrel via cylindrical 
to hourglass and truncated-cone shape. The naaximum difference in diame-
ter within a single pellet (e. g. between top and bottom) is of the same mag-
nitude as the variation between the diameters of different pellets (measured 
in the middle of the pellets) (table 12). The dimensional stability of sintered 
UOp pellets is expressed by the formula 
^naax " *^ min . ^3 
^ ™ . — X 1 0 , 
"^ av 
where f jj^^x is the largest, f . the smallest and f the average of the 
diameters measured. (Generally, four diameter measurements were naade 
on each pellet: top, middle, bottom I, and bottom II, the two last-mentioned 
ffl ~ (p . „ 
being 90 apart .) The average of --——— — x 10 has been calculated 
^av 
for 25 pellets made from UOp powder calcined to UOg, xHgO and to UgOo 
(the er ror terms are based on the average figures): 
For powder calcined to U'0„: 1.9 + 0, 2. 
For powder calcined to UOOQ: 1. 7 + 0 .1 . 
It appears that pellets made from powder calcined to UoO© are of the 
greatest dimensional stability. Moreover they have the highest density 
(see fig. 11). 
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7, Discussion 
An estim.ate of the results obtained must be based on a comparison 
with the properties required of a su,itable precipitation naethod and product. 
To be applicable on an industrial scale, the m.ethod must be uncomplicated, 
reproducible and quantitative. The present method fulfils the first two r e -
quireraents and may rather easily be automated. On the other hand, the 
yield is only 98-99. 9%; as the filtrate thus contains m.ore uranium than 
2) 
permissible from an economic as well as a health-physics joint of view •', 
it must be reprocessed for recovery of the uranium. 
Calcination, reduction, pi'essing, sintering, etc. , are standard 
procedures, developed for the production of UOp from ADU . They have 
proved to be directly applicable also for UOp production from AUG. The 
UOp pellets are moreover required to have a density of at least 95% of the 
theoretical figure. This is the case, as appears from table 10. 
Good dimensional stability obviates expensive polishing of the pel-
lets. For reactor use these must be cylindi*ical, and the variation in 
diameter between them must n.ot exceed 0. 01 mm for 13 mm pellets. As 
regards height, the limitations are less strict . As appears from table 12, 
the necessary dimensional stability has not been obtained; the pellets must 
therefore be polished if they are to be used in a reactor. The requirement 
of stability against irradiation is outside the scope of this investigation. 
The above-naentioned requirements are seldom fulfilled in practic. 3-7) The li terature ^ mentions production of UOp powder and pellets that are 
in some of these respects superior, in others inferior, to pellets based on 
AUG precipitation. Thus it may be mentioned that ADU powder is usually 
not reproducible, that many manufacturers make pellets with a density less 
than 95% of the theoretical figure, and that polishing is practically unavoid-
able. 
An evaluation of the present method as compared with other methods 
in use must therefore rest on an estimate of the weight to be attached to the 
individual requirements. The fact that the precipitation is reproducible 
and easily autonaatable, and the circumstance that, within certain limits, 
the grain size has no influence on the density of the pellets, are no doubt 
^ In industrial uranium-dioxide production the precipitate is usually 
ammonium di-uranate (ADU). 
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factors of great value. Besides, the UOp powder made in this way has good 
sintering properties. On the other hand the non-quantitative precipitation is 
a serious drawback of the process, the filtrates containing so much urardum 
as to make reprocessing necessary. The price for this treatment is decisive 
for the importance to be attached to it. The investigation showed that cal-
cination to UoOo results in pellets of the best dimensional stability and the 
greatest density. Another advantage of this mode of calcination is that the 
powder obtained is always reproducible. Irrespective of the dimensional 
stability it may therefore be concluded that the present procedure and the 
resulting product are not inferior, nor in any essential respect superior, to 
other procedures and products in use. 
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Table 1 
Influence of the t empera tu re on the yield and product of 
batchwise precipi tat ion from an aqueous solution 
Temp, of sol . 
before mixing 
10°C 
40°C 
70°G 
2 M UNH 
100 m l 
tr 
t! 
Ananaonium-carb. sol . 
480 g/1 
250 ml 
t) 
ri 
Yield 
% 
95,9 
99.7 
95.3 
Appearance 
of AUG powder 
Slightly lumpy 
Aver, s i ze 27^ 
Regular c rys t . 
Aver, s i z e 30|i 
Regular c rys t . 
Aver , s i ze 50n 
Table 2 
Distr ibut ion of U, NHo and GOo in batchwise gas precipi ta t ion 
Component 
U 
NHg 
COg 
Originally 
added 
1 m.ole 
24 moles 
20 " 
Content after precipi ta t ion in 
prec ip i ta te 
99. 9% 
17% 
15% 
f i l t ra te 
0 . 1 % 
56% 
39% 
excess gas 
0% 
27% 
46% 
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Table 3 
Conaposition of ammonium-uranyl carbonate 
Batchwise precipi ta t ion in 
[aqueous solution 
Batchwise gas precipi tat ion 
Theore t ica l composition 
% NH^ 
13. 7 
13. 7 
13 .8 
% COg" 
33.7 
33. 9 
34.5 
% I J 1 
45 .2 
45 .4 
45 .6 
Table 4 
Yield of batchwise gas precipi ta t ion ve r sus gas quantity 
fuNH 
100 
100 
100 
1 NHg 
52 
65 
78 
I G O 2 
52 
65 
78 
Yield 
99.5 I 
99,6 
99, 8' 1 
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Table 5 
Transformation tim.e (i. e. the time from the gas admixture 
is comnaenced until all uranium, including the intermediate 
product, has been transformed to AUG) versus gas quantity 
in batchwise gas precipitation 
;g UNH 
100 
100 
100 
100 
i 100 
100 
100 
100 
1NH3 
158 
105 
79 
27 
78 
78 
78 
78 
I C O 2 
135 
135 
135 
135 
135 
117 
108 
78 
Transformat ion timej 
in min ' 
15 1 
12 
14 
ca. 4400 
14 
14 
14 i 
14 
Table 6 
NHo and COp contents in the filtrate versus added NH 
in batchwise gas precipitation 
g UNH 
100 
100 
100 
1 NHg 
78 
65 
52 
M o l e s N H g / 1 
4 . 7 
3. 7 
2 . 2 
M o l e s C O g / l 
1 .9 
1.5 
0. 7 
~ 1 7 -
Table 7 
Transformation time , grain size of AUG and contents of NHg and CO, 
in the filtrate versus temperature in batchwise gas precipitation 
g UNH 
100 
100 
100 
100 
100 
100 
100 
^ 1 
T e m p e r -
a t u r e ° C 
15 
25 
30 
35 
40 
50 
60 
T r a n s f o r m . 
t i m e in m i n . 
120 
60 
22 
20 
12 
10 
8 
A v e r a g e 
g r a i n s i z e 
3 ^ 
l O n 
15 IX 
26 |i 
26(1 
26 p 
30 fi 
M o l e s 
NHg/1 
4 . 4 
4 . 7 
5. 9 
5 . 0 
5 . 4 
5 . 4 
5 . 4 
M o l e s 
C O 2 / ] 
1.6 
1. 8 
2 . 5 
2 . 0 
2. 3 
2. 2 
2. 2 
Table 8 
Transformation time'^, grain size of AUG and contents of NHg and CO.^  
in the filtrate versus stirring efficiency in batchwise gas precipitation 
g UNH 
100 
100 
100 
100 
St i r r ing 
efficiency 
1 
2 
3 
4 
Trans fo rm. 
t ime in min. 
28 
29 
32 
39 
Average 
gra in s ize 
21 fi 
26 R 
29 |i 
29 li 
Moles 
NHg/1 
4 . 0 
4 . 2 
4 . 2 
5. 2 
Moles 
CO2/I 
1.5 
1.7 
1 .7 
2. 1 
i. e. the time from the gas admixture is commenced until all urauiu.m, 
including the intermediate product, has been transformed to AUG. 
Table 9 
Distr ibution of NHo and COo in continuous gas precipi tat ion 
P r e c i p i -
tation 
s tep 
1 
2 
3 
4 
5 
6 
7 
8 
g UNH 
p e r 
s tep 
100 
i . 1 
P r e c i p i -
tation 
s tep 
1 
2 
3 
4 
5 
6 
7 
8 
g UNH 
per 
step 
100 
Distr ibution of NHg added pe r step 
Total 
added 
1 
77. 3 
Content 
in 
AUC 
19.2 
15 .1 
15. 2 
16.4 
; 16 .0 
16.4 
16.4 
15.4 
Content 
in 
f i l t rate 
33. 8 
30. 2 
33. 8 
38.6 
37. 7 
37.2 
34.8 
30. 7 
Content 
in 
excess gas 
24.3 
32.0 
28. 3 
22. 3 
23. 6 
23. 7 
26 .1 
31. 2 
Distr ibution of COr, added pe r s tep 
Total 
added 
1 
108.5 
Content 
in 
AUC 
14.4 
11 .3 
11.4 
12. 3 
12. 0 
12. 3 
12 .3 
11.6 
Content 
in 
f i l t ra te 
14.4 
13. 8 
15 .1 
17,0 
15. 5 
16 .0 
14.0 
12,4 
Content 
in 
excess gas 
79. 7 
83.4 
82.0 
78. 6 
81 .0 
80. 2 
82.2 
84.5 
NHg 
ut i l iza-
tion % 
68.5 
58.7 
63.4 
71. 2 
69 .4 
69.4 
66. 2 
59.6 
ut i l iza-
tion % 
26.4 
23.1 
24.4 
27.5 
26. 7 
26 .1 
24.2 
22.1 
Table 10 
Data on UOo pel lets made from AUC powder 
G r a i n s i z e 
of AUG 
p o w d e r 
29 n 
9 |i 
3 ix 
P o w d e r 
c a l c i n e d 
to 
UOg 
U3O8 
UO3 
U3O8 
UO3 
U3O8 
P r e s s u r e 
t / c m 
2 
2 3 / 4 
3 1/2 
2 3 /4 
2 3 / 4 
3 1/2 
2 3 / 4 
2 
2 3 /4 
3 1/2 
2 3 /4 
A v e r a g e 
g r e e n 
d e n s i t y 
% 
37, 7 
4 0 . 1 
4 1 . 5 
4 8 . 7 
4 0 . 8 
42 . 3 
4 9 . 5 
37. 7 
4 0 . 2 
4 1 . 7 
50. 3 
A v e r a g e 
s in t , 
d e n s i t y 
% 
9 4 . 5 
9 5 , 3 
93 , 9 
9 8 . 3 
94. 8 
9 5 . 3 
9 7 . 0 
94. 8 
9 5 . 3 
9 4 . 2 
9 2 , 4 
E r r o r t e r m 
for a v e r a g e 
s in t . d e n s i t y 
0 . 1 
0. 2 
0, 2 
0, 02 
0 . 4 
0, 2 
0 . 0 6 
0 . 2 
0. 2 
0 . 2 
0 . 0 4 
Max . v a r i a t i o n of 
he igh t 
% 
G r e e n 
p e l l e t s 
3 . 3 
2, 9 
5 . 0 
2 . 6 
7. 2 
6 . 3 
4 . 0 
4 . 2 
4 . 0 
6. 1 
4 . 3 
Sint . 
p e l l e t s 
2 . 2 
2 . 5 
7 . 2 
4. 3 
5, 8 
-
Max, v a r i a t i o n of 
d i a m e t e r 
% 
G r e e n 
p e l l e t s 
0. 05 
0 
0 , 0 6 
0 . 0 6 
0 . 0 6 
0 . 0 6 
0 
0. 06 
0 
0 , 0 6 
0. 06 
Sint . 
p e l l e t s 
0, 7 
0. 3 
0. 9 
0 . 4 
1. 2 
-
Note: The average f igures a r e based on 25 pe l le t s . Omissions in the columns of dimensions of s in tered pel lets 
a r e due to i r r e g u l a r shape. 
Table 11 
Exper iments on the reproducibi l i ty of the UOo- pellet production 
Average 
gra in 
s ize 
21|i 
26|i 
29|i 
Powder 
calcined 
to 
UOg 
UOg 
UO3 
P r e s s u r e 
t / cm 
3.5 
3.5 
3.5 
Exper iment I 
Average 
green 
density 
% 
46 .2 
4 7 . 8 
48 .5 
Average 
s in tered 
density 
% 
95.4 
95. 1 
96.0 
E r r o r t e r m 
for 
average 
sint. density 
0,2 
0,1 
0.2 
Exper iment 11 
Average 
green 
densitv 
% 
45.7 
47, 5 
47.9 
Average 
s in te red 
density 
% 
95.8 
95. 7 
95. 2 
E r r o r t e rm 
for 
average 
sint. density 
0,1 
0. 09 
0. 3 
CO 
o 
- 21 -
Table 12 
Differences in diameter within individual sintered UOp pellets and 
between different pe.llet types. (All the pellets were made from 
3 2 
the same type of AUC powder. The pressure was 2-x t /cm for 
all pellets, bt't two calcination methods were used. ) 
1 AUC 
ica lc ined to 
UOg 
UgOg 
^ m , av 
1 3 . 0 0 
1 3 . 75 
Shape of 
p e l l e t s 
TC 
Ho 
B a 
Ho 
Ho 
TC 
Ba 
TC 
C 
TC 
Ba 
TC 
(p - ffl 
^m ^ m , av 
0 . 0 3 
0. 00 
0. 12 
0. 04 
0. 07 
0 . 0 2 
0. 03 
0 . 0 2 
0. 01 
0 . 0 4 
0. 03 
0 . 0 2 
^ m a x ~%nm 
0 . 0 5 
0 . 0 2 
0 . 0 5 
0 . 0 2 
0 . 0 2 
0 . 0 3 
0. 03 
0 . 0 3 
0 . 0 0 
0. 02 
0 . 0 2 
0 . 0 2 
All measurements are in mm. 
raax 
nam 
<P 
m 
9 
m, av 
is the greatest diameter measured on the pellet 
" " smallest " " " " 
" " diameter measured in the middle of the pellet 
" " average of 9 of a number of pellets made of the same 
AUC powder, with the same naode of calcination and at the 
sam.e pressure . 
TC; truncated cone; Ho: hourglass; Ba: barrel; C: cylinder. 
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W 
Fig. 1. AUC c rys t a l s (xlOOO). 
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C o n t a c t / n I 4 
thermometerrn (ml / i Coolant 
CO, NH. 
Fig. 2, Vessel for batchwise gas precipitation. 
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Yield 
Min •' 
Fig. 3. Yield of batchwise gas precipi tat ion v e r s u s added NHg and COo. 
50 55 60 65 70 
L_ 
75 
i _ 
80 
I 
85 
i COz 
Fig. 4. Transformat ion t ime v e r s u s added NHg and GOo-
1 f»Q 
30 40 50 60 70 80 90 100 110 120 130 1A0 150 160 170 180 . ^H 
- I I„, J — _ L _ , _ I I I I——J 1 L_ I 1 I--.-.- 1-. - i ' '^'IS 
i. e. the t ime fi'om the gas admixture i s commenced until all uranium, 
including the in te rmedia te product, has been t r ans fo rmed to AUC. 
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COj, moles/ t 
NHj, moles/ i 
Fig. 5. NHo and COg contents in filtrate from batchwise gas precipitation 
versus added NHo. 
N H j , moles/1 
CO., motes/1 
50 65 
-J™. 
60 65 70 
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75 
_ J „ 85 I NH, 
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Fig. 6, Grain size of AUC versus precipitation temperature and stirring 
efficiency. 
Stirr ing 
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Fig. 7. Transform.ation tim.e versus precipitation temperature and 
stirring efficiency. 
Stirring 
Fig. 8. NHo and CO^ contents in filtrate from batchwise gas precipitation 
versus precipitation temperature and stirring efficiency. 
20 25 30 35 
NHg, temp©ralur@ __ 
—- NH3, s t i r r i ng 
^COg. temperature 
^— COg, stffr lng 
40 
< 3 
45 
_JL_ 
50 55 
_ 1 _ 
*C 
< < Stirring 
i, e, the time from the gas admixture is commenced until all uranium, 
including the intermediate product, has been transformed to A U C 
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Peri-
stal t ic 
pump • Outlet for excess 
NH3 and CO2 
Reaction 
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Oullet for AUC and fi ltrate 
Magn@t 
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Ritral f t 
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Fig. 9. Flow sheet of continuous precipi ta t ion of AUC. 
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Batchwis* precipitation I 
II 
Continuous precipitation 
pHi 
1 h 
0 
transformed to MJ£^ •transformed to AUC 
'^ transformed to" AUC' 
8 10 12 14 16 18 20 22 24 26 28 30 32 Time.min 
Fig. 10. Changes of pH during the transform.ation tim.e in gas precipi ta t ion 
of AUC. 
92 
A A A 2^4 t/cm^; calcined to UjOg 
D D D 2 t/cm^ 
+ + + 2% t/cm^ 
o o o 3V2 t/cm^ 
I » I i ! 1 L ! 1 1 L. -J 1 1 1. 
calcined to UO, 
J ! _ X _ _ J L . 
3 A 5 6 7 8 9 10 11 12 13 14 IS 16 17 18 19 20 21 22 23 24 25 26 27 28 
Grain size, p. 
Fig. 11. Density of s in tered uranium-dioxide pellets ve r sus grain s ize of 
AUC, mode of calcination and p r e s s u r e being unchanged (four types). 
30 
Density, «/# 
96 
95 
94 
93 
coarse AUC 
- • • f i ne AUC 
2.0 2.5 3.0 3.5 4.0 Pressure, t /cm^ 
Fig. 12. Density of sintered uraniuna-dioxide pellets versus pressure in 
pellet production from two types of AUC powder. 
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Appendix 
Methods of Analysis 
Uranium Analysis of the Filtrate 
The uranyl ions are measured as a peroxo-complex in an alkaline 
liquid with a Beckman B spectrophotom.eter at 400 mji. The concentration 
8) is found by means of a calibration curve '. 
Sedimentation Analysis of AUC 
0. 02 g AUC is weighed out accurately in a 1 cm glass cuvette, and 
3 m.1 2-octanol is added with a pipette. The mixtiire is shaken carefully 
into a uniform, suspension and placed in the cuvette holder; at the same 
time the stop watch is started (time 0 '^ uniform suspension). As soon as 
possible the sample is placed in the Beckman B, and measurements are 
taken at 432 niji. The O. D. is measured at regular intervals until it is 
below 0. 1. Pure 2-octanol is used as reference. 
The O. D. at the Lime 0 (O. D. } is found by extrapolation. The con-
centration ratio, O. D, , / 0 . D. '^ C.jC , naay be calculated. The result in 
per cent is plotted as ordinate of the distribution curve versus the particle 
diameter, calculated according to Stoke's law as shown in the following. 
Stoke's law of the sedimentation of balls under the influence of 
gravitation may be expressed by the formula 
t = 1835000 Lia™™_ ^ 
(Dj^  - D2)d'^ 
where t is the time in secoads, h the drop in cm, i] the viscosity of the 
liquid in g/sec cm., D.. the density of the balls in g/cm , D„ the density 
of the liquid in g/cna , and d the diameter of the balls. 
If O. D- , is assumed to be represented by the O. D. in the median 
plane of the hight beam (this is correct for O. D. , while the upper-half 
O. D, s / the naedian O. D. / the lower-half O. D. s), the drop until the pow-
der is out of the beam will be 1. 05 cm {'^ half the height of the hole in the 
cuvette holder), i . e . h = 1.05 cm. 
3 Now Dj = D.j,^ = 2. 77 g/cm , and Dg = Dg . = 0 . 82 g/cm., 
at the temperature at which the analysis is carried out. If the temperature 
is set at 30. 5 C (slighth? more than room temperature because of heat fromi 
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the lam.p), the corresponding viscosity will be i) = 0. 051 g/cm sec. 
Inserting the above figures and converting the time to minutes, we 
obtain 
t = 840 
min —-J- , 
d 
from which d may be calculated for different dropping tim.es and plotted as 
the abscissa of the distribution curve, 
NHg and CO^ Analysis 
The carbonate is precipitated with barium ions and weighed. The 
ammonia is determ.ined by semi-Kjeldahl distillation of the filtrate. 
Determination of Density 
L Pressed pellets. Diameter and height are measured. The pellet is 
weighed. 
II. Sintered pellets are weighed dry and immersed in water. The density 
is indicated in per cent of the theoretical density 10. 97 g/cm . 
